This paper reports the experimental results of the Shubnikov-de Haas (SdH) effect and angular-dependent magnetoresistance oscillation (AMRO) for the organic conductor βAA-(ET)(TCNQ). We observed several two dimensional (2D) SdH frequencies, whose cross-sectional areas of the Fermi surfaces (FSs) correspond to only a few percent of the first Brillouin zone. Such small 2D FSs are not predicted by band-structure calculations, suggesting that these FS pockets are created by an imperfect nesting of FSs at low temperatures. It is found that the AMRO consists of a long-period oscillation and a short-period one. The long-period oscillation is associated with the Yamaji oscillation corresponding to the α orbit, whose shape and area are consistent with previous magneto-optical measurement. The short-period oscillation is not caused by peaks instead but dips. The dip structure is discussed in terms of the AMRO of a quasi-2D electron system with a periodic potential caused by the possible density-wave related to the ET layers or the 4k F chargedensity-wave associated with the TCNQ layers.
Introduction
Low-dimensional organic conductors show unusual and intriguing electronic properties such as charge-and spindensity-waves (CDW and SDW), charge ordered insulating behavior driven by electron correlations, and superconductivity by non-phononic pairing. 1) Since a key for better understanding of organic conductors (as well as inorganic metals) showing exotic physical properties is knowledge of FS topology, 2) their FSs have been studied intensively by various techniques, e.g., quantum oscillations [de Haas-van Alphen (dHvA) or Shubnikov-de Haas (SdH) effect] and angular-dependent magnetoresistance oscillation (AMRO). In this paper, we focus on the low-temperature FS of a quarter-filled organic conductor 00 -(ET)(TCNQ) with layered crystal structure, where ET and TCNQ stand for bis(ethylenedithio)tetrathiafulvalene and tetracyanoquinodimethane, respectively. 3, 4) As for (ET)(TCNQ), two different polymorphs were previously reported and their conducting properties are semiconductive below room temperature. [5] [6] [7] [8] A third phase 00 -(ET)(TCNQ), however, shows metallic character down to 0.5 K. 3, 4) As shown in Fig. 1(a) , the crystal structure of 00 -(ET)(TCNQ) has triclinic symmetry and the unit cell accommodates one ET and one TCNQ, which form a segregated-stack structure along the b-axis. 3, 4) The degree of charge transfer from ET to TCNQ is 0.5. 9, 10) As an interesting feature, the tight-binding band consists of a nearly onedimensional (1D) band of face-to-face TCNQ stacked along the c-axis and a warped 1D band of side-by-side ET extended along the a-axis. As a result, the band-structure calculation predicts FS with rectangular cross-sections, originally formed of two pairs of orthogonal 1D FSs as shown by Fig. 1(b) . 3, 4) The quasi-1D (Q1D) character of FSs originating from ET and TCNQ layers are expected to cause FS nesting.
The temperature dependence of the resistivity for this salt exhibits metallic behavior with hump anomalies around T 1 ¼ 20 K, T 2 ¼ 80 K, and T 3 ¼ 170 K. 3, 4) Optical spectroscopy and X-ray scattering studies revealed charge ordering (CO) in the ET layer with a superlattice vector of q 3 ¼ ð1=2; 0; 1=2Þ at room temperature. 9, 10) The charge-rich and charge-poor sites in the ET layer are estimated to have þ$0:8e and þ$0:2e. Interestingly, this CO state disappears below T 3 , 9, 10) where the magnetic susceptibility also shows a kink. 4) Thus, the resistivity anomaly at T 3 is associated with the collapse of the CO state in the ET layer. According to the optical conductivity measurement, 10) the coherence of the quasiparticle in the ET layer grows monotonically below T 3 , and the electronic state in the ET layer finally behaves as a Fermi liquid metal below T 1 , where the ET molecules are uniformly stacked. On the other hand, a 4k F CDW superstructure associated with the TCNQ layer was found at below room temperature. 10) In fact, the optical conductivity of TCNQ band showed a deviation from a Drude-like response irrespective of temperature, [9] [10] [11] suggesting that a pair of the nearly 1D FS arising from the TCNQ layers is lost below room temperature. Below T 1 , the magnetic susceptibility shows sharp drop and is independent of the magnetic field direction. 3, 4) The resistivity anomaly at T 1 may be related to an imperfect nesting of the FSs originating from the ET molecules. An X-ray scattering study 12) found new satellite reflections with a modulation vector of q 1 ¼ ð0:33 AE 0:15Þa Ã þ ð0:00 AE 0:05Þb Ã þ ð0:55 AE 0:05Þc Ã below 20 K, where a Ã , b Ã , and c Ã are reciprocal lattice vectors. These suggest an imperfect nesting of the FSs related to the ET layers and a tetramerization of TCNQ molecules that make the spin singlet state below T 1 .
12)
First measurements of the SdH effect at 0.5 K reported several 2D FS frequencies, whose cross-sectional areas correspond to only a few percent of the first Brillouin zone. 13) A magneto-optical study by Kimata et al. 14, 15) suggested that the low temperature FSs consist of only two distinct 2D FSs, whose cross-sectional areas of the FSs correspond to 0.7 and 1.0% of the first Brillouin zone. The measurements of AMRO at 1.8 K showed resonance-like dip structure for magnetic field tilted in the b Ã -c plane, similar to a Lebed resonance due to a Q1D FS perpendicular to the a-axis, but dip positions do not agree with the crystal geometry at room temperature. 13) Although the reconstruction of the FS associated with the ET layer is a likely origin, the quantitative examination of the AMRO period has not been carried out enough.
In order to further investigate the low-temperature FS topology of 00 -(ET)(TCNQ), we have carried out measurements of the SdH effect and AMRO over the full range of magnetic field directions in three dimensions.
Experimental
To obtain single crystals of 00 -(ET)(TCNQ), a CH 2 Cl 2 (or CH 2 Br 2 ) solution of ET, TCNQ, and TIE (= tetraiodoethylene) were placed at room temperature, and the solvent was allowed to evaporate slowly to dryness within 24 h. 3, 4) The interlayer resistance was measured by a conventional four-probe ac technique with electric current of 10 µA along the b Ã -axis (normal to the 2D plane). Four gold wires of 10 µm in diameter were attached to the samples by silver paint. The sample temperature was measured in 3 He and 4 He cryostats by the vapor pressure, or a calibrated cernox 1030 sensor. Our experiments were performed in a 15-T superconducting magnet at National Institute for Materials Science, Tsukuba, Japan, and in a 33-T resistive magnet at National High Magnetic field Laboratory, Tallahassee, Florida.
Results and Discussion

Shubnikov-de Haas effect
The interlayer resistance at 0.6 K as a function of magnetic shows the fast Fourier-transform (FFT) spectra obtained in field regions I-III defined in Fig. 2(a) . In the low field region (III) in Fig. 2(b) , there is only one peak α. As the fields increase, other orbits γ and δ are clearly observed in the moderate field region (II). In the high field region (I), additional β and ϵ orbits are evident.
As shown by Fig. 3(a) , the SdH frequencies show 1=cos dependences, indicating cylindrical 2D FSs, where the angles θ and ϕ are defined in the inset. The obtained frequencies are summarized in Table I with the ratios of the cross-sectional area to the first Brillouin zone. For example, the cross- sectional area of the α orbit corresponds to only 1.0% of the first Brillouin zone. The band-structure calculation does not predict such small FSs, suggesting that these pockets are created by an imperfect nesting of the FSs below T 1 . Figure 3 (b) shows the FFT amplitude of the SdH oscillations divided by temperature versus temperature plots (so-called mass plots) for the five SdH frequencies. The solid curves are the fitted results with the Lifshitz-Kosevich formula.
16) The determined effective masses m Ã are summarized in Table I . Kimata et al. 14, 15) performed magneto-optical measurement for 00 -(ET)(TCNQ) and observed two periodic orbit resonances arising from two distinct 2D FSs. They determined effective masses of 1:8m 0 and of 2:8m 0 that are close to our measured values of 1:5m 0 for α and 2:6m 0 for β, respectively. The cross-sectional areas determined from the magneto-optical measurement correspond to 0.67% (for 1:8m 0 ) and 1.0% (for 2:8m 0 ) of the first Brillouin zone, whose areas are in good agreement with the values of α and β determined from our SdH experiment, respectively. In the magneto-optical study, however, γ, δ, and ϵ orbits were not found.
One may expect that these orbits detected by only the SdH effect are due to the linear combinations of the α and β orbits, that is,
. But a set of effective masses obtained from Fig. 3(b) is not consistent with the Falicov and Stachowiak model, 17) in which the effective mass of a given magnetic breakdown (MB) orbit is the sum of the effective masses of its components. In fact, the effective masses for the γ, δ, and ϵ orbits, are much lighter than that of the β orbit. The ϵ orbit might be due to the Stark quantum interference (QI) effect 16, 18, 19) because of its very light mass of 0:6m 0 . In this case, the QI orbits giving 3F þ F or 3F are very complicated, which include both MB and Bragg reflection processes in the network of the α and β orbits. It is quite difficult to make further discussion of the detailed FS structure without the precise information of a nesting vector. Moreover, the β orbit appears only in the high field region I, while the γ and δ orbits are clearly observed even in the lower field region II. To understand the origins of the frequency combinations (γ, δ, and ϵ orbits) observed in the SdH effect, more detailed discussion is needed on the basis of the 2D network of the α and β orbits coupled by magnetic breakdown. 20) From the experimental point of view, further enlightenment may be given by dHvA experiments in high field. Indeed, contrary to resistance, magnetization, as a thermodynamic parameter, is not sensitive to the QI effect. Figure 4 shows the θ-dependence of the interlayer resistance at 1.8 K in magnetic fields of up to 13.8 T for ¼ 0°. The oscillatory structure appears above 4 T and becomes more prominent with increasing magnetic field. In addition, dip structure, as indicated by dashed lines, appears above 10 T. The peak and dip positions are independent of magnetic field, which show that the oscillatory behavior is not caused by quantum oscillations, but by FS topological effects. [21] [22] [23] [24] [25] [26] [27] We see that the oscillatory structure is very asymmetric between positive and negative angles. The asymmetry probably results from the triclinic lattice structure of the title compound with asymmetric corrugation of a FS along the b Ã -direction. Further discussion on the oscillatory structure will be given later. Figure 5 (a) shows the expanded plots of Fig. 4 for the magnetic fields at 8 and 13.8 T nearly parallel to the conducting plane. At ¼ 90°, a small peak can be seen. As shown by the derivative curves in Fig. 5(b) , the peak width is independent of the magnetic fields up to 13.8 T. This structure has been discussed in terms of an interlayer coherent motion of small closed orbits formed on the side of the slightly corrugated FS or the self-crossing orbits. 28, 29) Thus, the observation of the small peak proves the coherent nature of interlayer transport in 00 -(ET)(TCNQ). Figure 6 shows the AMROs at 1.8 K under the magnetic field of 13.8 T for various ϕ. The positions of the peaks and dips gradually change with changing ϕ. In order to discuss the origin of the oscillatory structure in Fig. 6 , the angular dependent magnetoresistance for ¼ 0°at 13.8 and 6 T against tan are shown in Fig. 7(a) . The peak and dip positions are periodic in tan , where two periods denoted as Á D (short-period oscillation) for dips and Á P (long-period oscillation) for peaks are observed at 13.8 T. The periods of Á P and Á D are evaluated to be 0.71 and 0.37, respectively. However, only the oscillatory behavior with Á P is evident at 6 T. Moreover, it is hard to observe the dip structure with Á D at ¼ 100°as shown by Fig. 7(b) . Here, we discuss the oscillatory structure with Á P from a Q2D FS point of view because the several Q2D FSs are detected by the SdH effect 13) and the magneto-optical measurement. 14, 15) For a corrugated FS cylinder, all the cross-sectional areas in the plane perpendicular to the magnetic field direction become identical at Yamaji angles. 27) At these angles, the interlayer group velocity of the electrons vanishes and the peaks periodically appear as a function of tan . This semiclassical picture of the electron transport well explains the AMRO in many Q2D materials. [30] [31] [32] [33] For the corrugated cylindrical FS, the periodicity Δ of the AMRO peaks as a function of tan is given by 27) 
Angular-dependent magnetoresistance
where d is the interlayer spacing of 20.22 Å and k k is the projection of the Fermi wave number on a conduction plane. For a FS with elliptic cross section, the projection of the wave number k k ðÞ is 30, 34) 
where k max F (k min F ) is the maximum (minimum) Fermi wave number, and ξ is the inclination of the major axis from the c-axis. Figure 8 shows the polar plot of k k determined by Eq. (1). The solid lines are the result fitted by Eq. (2) with k
The shapes of the obtained FSs are much elongated, with its major axis nearly parallel to the c-axis. The area of the FS related to Á P is estimated to be 1.0% of the first Brillouin zone, which is in good agreement with the size of the α orbit determined from the SdH effect. The shape and the inclination of the major axis are consistent with those of the α orbit determined from the magneto-optical measurement.
14,15) Thus, we conclude that the oscillatory behavior with Á P is attributed to the Yamaji effect associated with the α orbit. Judging from the shape of the FS, the α orbit may be created by the imperfect nesting of the FS arising from the ET layers. Figure 9 shows the position of magnetoresistance dips in Fig. 6 in polar coordination representation for tan and ϕ. The positions of dips are fitted to the following equation,
where 0 ¼ 10°and n is an integer. This behavior is reminiscent of a Lebed resonance due to a Q1D FS nearly perpendicular to the a-axis. The dip positions due to the Lebed resonance effect for a triclinic crystal are given by
where Ã is the angle between b Ã -axis and c Ã -axis, p and q are integers. 23) Using the lattice parameters at room temperature, we obtain ðc sin Þ=ðb sin sin Ã Þ ¼ 0:20 and cot Ã ¼ 0:03. Note that the dip positions do not agree with the crystal geometry at room temperature. Blundell and Singleton 35) theoretically discussed the angular-dependent magnetoresistance for the 1D FS with higher order corrugation, as parametrized by the Fourier components t pq of the FS. Each Fourier component t pq is often related to the transfer integrals associated with a lattice vector R pq ¼ pc þ qb. They showed that the dip positions due to the Lebed resonance effect are governed by t pq rather than R pq . If the dip positions shown in Fig. 9 are associated with t pq , p=q equals to ð9=5Þr for all values of the integer r, where we neglect the second term in Eq. (4). Explanation based on the 1D FS with higher order corrugation requires a complex and unphysically long-range transfer integral between ET chains. Thus the 1D FS scenario is unlikely as the origin of dip structure.
Origin of the dip structure is next discussed from viewpoint of the AMRO of a Q2D system with a periodic potential caused by the possible DW superstructure related to the ET layers or the 4k F CDW associated with the TCNQ layers. Yoshioka theoretically discussed the AMRO in the Q2D system with a periodic potential. 36) The theory explains well the AMRO with the dip structure in a DW phase of α-(ET) 2 MHg(SCN) 4 (M ¼ K, Rb, Tl) by considering the commensurability between CDW potential and interlayer lattice potential along real-space electron orbits. [36] [37] [38] [39] In his model, the electron orbital motion is considered on the cylindrical FS under CDW potential. When a periodic potential with a wave vector Q is turned on by a DW formation, the additional scattering of carriers by the double periodicity (lattice and DW) increases the interlayer resistance. However, this scattering effect vanishes when the magnetic field direction satisfies a commensurate condition depending on Q, which is identical to Eq. (3), resulting in a periodic dip in resistance as discussed later. This model assumes no specific FS shape or configuration, and no commensurate CDW, and therefore is compatible to 00 -(ET)(TCNQ) at low temperatures because both the itinerant electrons and a possible DW or 4k F CDW are present.
According to the Yoshioka's theory, 36) position of dips in AMRO is given by
where , and therefore Q a ¼ 0:15
The occurrence of the dip structures is now discussed in the following two regimes. The first regime is related to the imperfect nesting of the FSs associated with the ET layers. The observation of the elongated 2D FS nearly parallel to the c-axis suggests the imperfect nesting of the FSs associated with the ET layers, leading to the appearance of a nesting driven DW at the low temperatures. In fact, Q determined from the AMRO experiment is in good agreement with q 1 ¼ ð0:33 AE 0:15Þa Ã þ ð0:00 AE 0:05Þb Ã þ ð0:55 AE 0:05Þc Ã observed from the X-ray study, which might have some ambiguity in the a Ã -axis component.
12)
The second regime is related to the 4k F CDW associated with the TCNQ layers. As seen in Fig. 9 , the obtained Q is nearly parallel to the c-axis. Since the stronger 1D nature of the FSs associated with the TCNQ layers is predicted from the band calculation, 3, 4) no Fermi pockets will appear in the TCNQ band. In this case, the itinerant electrons on the ungapped FS associated with the ET layers may play an important role for the appearance of the AMRO with the dip structure. The observation of the sharp peak (see Fig. 5 ) may support this speculation. Further investigation is needed to determine which mechanism is more likely.
Finally, a comment is given on the coexistence of the conventional AMRO associated with a Q2D FS and Q-origin AMRO (the Yoshioka model) as seen in Fig. 4 . When a periodic potential with a wave vector Q is turned on by a DW formation, the interlayer resistance is enhanced by the additional scattering of carriers by the double periodicity in the interlayer direction. The conventional AMRO is smeared out by this increase of resistance. If the periodic potential by the DW superstructure related to the ET layers or the 4k F CDW associated with the TCNQ layers is not so large, we could observe both AMROs, the conventional and Q-origin ones because the additional scattering is suppressed.
Summary
We have presented the FS studies in the layered organic conductor 00 -(ET)(TCNQ) down to 0.6 K and high magnetic fields up to 32 T. We observed several 2D SdH frequencies, whose cross-sectional areas of the FSs correspond to only a few percent of the first Brillouin zone. The observed FS pockets are not predicted by band-structure calculations, suggesting that these FS pockets are created by imperfect nesting of the FSs. These FSs may be due to the linear combinations of the α and β orbits detected by previous magneto-optical measurement, 15) but the set of effective masses is not consistent with the Falicov and Stachowiak model. 17) We found two series of the AMROs, besides the SdH oscillation. One series of resistance peaks shows Yamaji oscillation corresponding to the α orbit. The shape of the α orbit is strongly elongated along the almost c-axis, which is consistent with previous magneto-optical measurement. 15) Judging from the shape of the FS, the α orbit may be created by the imperfect nesting of the FS arising from the ET layers. The other series, which arise from the resistance dips rather than the peaks, show behavior similar to the AMRO in the DW phase of α-(ET) 2 MHg(SCN) 4 . [37] [38] [39] By assuming the Yoshioka model, 36) we found that the obtained Q is nearly parallel to the c-axis. One of the DW from the ET band or the 4k F CDW from the TCNQ band may cause the AMRO with the dip structures. Further investigation is needed to determine which band plays a crucial role.
